The electrical resistance and Hall resistance of the Ising-like non-centrosymmetric antiferromagnet UIrSi 3 were measured as functions of temperature and magnetic field. The unequivocally different character of first-order and second-order magnetic phase transitions in UIrSi 3 has been found leading to distinctly different transport properties in the neighborhood of the corresponding critical temperatures and magnetic fields. Considering the magnetic part of electrical resistivity and Hall resistivity in contributions of three magnetic regimes we suggest a scenario which may successfully explain the observed change of polarity of the phase-transition accompanying contributions at tricritical point in the magnetic phase diagram of UIrSi 3 . The observed anomaly in the field-dependence of electrical resistivity below 4 T at low temperatures indicates existence of an additional field-induced antiferromagnetic phase. It leads to extension of the magnetic phase diagram of UIrSi 3 presented in this paper. The results of our study emphasize the usefulness of measurements of electrical transport as a sensitive probe of magnetic phase transformations in antiferromagnets sometimes hardly detectable by other methods.
Introduction
Since the electrical transport can be influenced by interactions of conduction electrons with magnetic fields and with unpaired electrons carrying magnetic moments electrical and Hall resistivity may serve as important probes of details of magnetism in metallic materials.
The electrical resistivity  in magnetic metals is considered within a simple approach, supposing validity of Mathiessens' rule, as a sum:
The temperature independent residual-resistivity term  0 which originates in the scattering of conduction electrons on lattice defects and the electron-phonon term  e-p reflecting the scattering of conduction electrons on phonons are present in all metallic materials. The latter term represents the scattering of conduction electrons on magnetic moments due exchange interaction with unpaired electrons carrying the moment. In systems with localized magnetic moments, e.g. lanthanide 4f-electron moments,  mag is expected by theory to scale with the de Gennes factor (g-l) 2 J(J + 1) and with the square of the exchange coupling parameter J 1 . In a paramagnetic (PM) range, free of magnetic correlations, the conduction electrons scatter ondisordered magnetic moments and  mag is expected to be roughly temperature independent. In a magnetically ordered state,  mag decreases with temperature in a way characteristic for magnetic excitations in a particular material, especially magnons, and  mag should vanish in the low temperature limit 2, 3 .
The magnetic periodicity of antiferromagnets usually does not coincide with the crystallographic (chemical) one. As a result of the spin-density wave exchange potential the Fermi surface is truncated by energy gaps. This leads to a reduction of effective chargecarriers number and consequent increase of resistivity at the Néel temperature, T N 5 . Such effect can be found both in itinerant antiferromagnets like Cr 6 and in lanthanide localizedmoment systems 5 . The resistivity can be than described as 5, 7 :
where m(T) is a normalized sublattice (staggered) magnetization and the truncation parameter g characterizes an effective reduction of the number of conduction electrons due to the Fermi surface gapping, which enhances the resistivity even in the low temperature limit. When a sufficiently strong magnetic field is applied the antiferromagnet undergoes at the critical filed H c a metamagnetic transition (MT) to PM state where the periodicity of antiferromagnetic (AFM) structure is removed. Consequently, AFM gaps on Fermi surface are closed and the electrical conductivity correspondingly recovered. This mechanism is responsible for the field-induced change of resistivity in antiferromagnets due to MT.
Ising antiferromagnets 8 and uniaxial uranium-based antiferromagnets, which exhibit Ising-like behavior [9] [10] [11] [12] , usually undergo at sufficiently low temperatures MT, which is a firstorder magnetic phase transition (FOMPT) from AFM to PM state with field-forced ferromagnetic-like aligned magnetic moments, which is called a field polarized paramagnet (PPM) regime 13, 14 . This transition is accompanied by a dramatic drop of resistivity 15, 16 between the AFM state and the PPM regime, in which  mag practically vanishes similar to  mag in ferromagnets in the low-temperature limit.
At higher temperatures the applied magnetic field induces fluctuations -in the AFM state. These fluctuations are gradually enhanced with increasing the magnetic field up to H c and MT is a second-order magnetic phase transition (SOMPT). The conduction electrons scatter on the fluctuations which yields a progressively increasing contribution to  mag 17 in fields up to H c where a peak in the field dependence of resistivity has been found by calculations 18 and experiment, e.g. on V 5 S 8 19 . Exact theoretical determination of this contribution is however difficult. Detailed knowledge of the character and evolution of fluctuations from the AFM state with magnetic field determined by the hierarchy of exchange interactions in an actual material, is needed.
Owing to the weak exchange coupling of the conduction electrons with the localized 4felectrons the corresponding magnetic contributions to resistivity in lanthanide compounds are small despite that the magnetic moments of lanthanide ions with 4f-electrons are large. Much larger  mag values and consequent larger resistivity changes across MT can be expected in materials with strong coupling. This is likely in transition-metal or light-actinide compounds, which are characterized by the magnetic d-or 5f-electron states, respectively, at E F , which implies a strong coupling with the conduction electrons.
The ordinary Hall effect turned out to be a useful tool for determination of charge-carrier density in nonmagnetic materials and played an important role in the early-years of semiconductor physics research and the related solid-state electronics. The recent rapid development of spintronics is focused mainly on the anomalous (also called extraordinary) Hall effect (AHE), which is a consequence of spin-orbit coupling in magnetic materials. The Hall resistivity of magnetic materials,  H (H) is described empirically as a sum of two terms; the normal and extraordinary Hall resistivity, respectively [20] [21] [22] [23] :
where R o and R e are the normal and the extraordinary Hall coefficient, respectively, H is the magnetic field and M is the volume magnetization. AHE is usually much larger than the ordinary Hall effect.
A large amount of papers presenting the results of measuring various transport properties of magnetic materials can be found in journals. Results of measurements of various properties obtained on different-quality samples of a particular compound, however, do not allow to employ complementarity of information, which could be deduced from reliable data on various measured properties on one, well defined, sample.
We made efforts to obtain a complete palette of data sets of the above mentioned electrical transport properties measured along the main crystallographic directions of a UIrSi 3 single crystal over a wide range of temperatures and magnetic fields. Here we discuss the new results together with the already published magnetization and specific-heat data 10 in terms of a complex antiferromagnetism in a tetragonal non-centrosymmetric lattice. The Ising character of antiferromagnetism indicated by the anisotropy of magnetization and specificheat data with respect to the direction of the magnetic field has been confirmed by constant zero longitudinal magnetoresistance in magnetic fields applied perpendicular to the crystallographic c-axis, which is the easy magnetization direction. Consequently, we have focused on measurements of  [100] ,  [001] and  H in fields applied along c-axis.
All three resistivities were found to be sensitive to magnetic-phase transitions in UIrSi 3 . The unique sensitivity of electrical transport to details in AFM arrangements of magnetic moments is employed in the well-known giant-magnetoresistance applications, especially in spintronics. It offers also an excellent probe of microscopic details of AFM ordering in bulk crystals. The same is true also in the UIrSi 3 case where an anomaly in the longitudinal magnetoresistance in the c-axis magnetic field reveals phenomena as, e.g. transition between two AFM states, which may be invisible for magnetization measurements similar to the CePtSn case [24] [25] [26] .
They exhibit considerable anomalies of (T) and  H (T) dependencies in various magnetic

Experimental
UIrSi 3 single crystal has been prepared by the floating zone melting method in a commercial four-mirror optical furnace with halogen lamps each 1kW (modelFZ-T-4000-VPM-PC, Crystal Systems Corp., Japan). In the first step, a polycrystalline material of UIrSi 3 was synthesized by arc-melting from the stoichiometric amounts of pure elements U (3N, further treated by Solid State Electrotransport 27,28 , Ir (4N), and Si (6N) in Ar (6N) protective atmosphere. Any sign of evaporation was not detected during the melting. Then, a precursor in the form of a 50 mm long rod was prepared by arc melting in a special water-cooled copper mould at identical protective conditions. Quartz chamber of the optical furnace was evacuated by a turbomolecular pump to 10 -6 mbar before the crystal growth process. In order to desorb gases from the surface of the precursor, the power of the furnace was increased gradually up to 30% of maximum power (far below from the melting at ~54% of power) and precursor was several times passed through the hot zone while continuously evacuating. After the degas process and evacuation, the quartz chamber was quickly filled with high purity Ar (6N). The whole growth process was performed with Ar flow of 0.25 l/min and pressure of ~2 bar. A narrow neck was created in the beginning of the growth process by variation of the speed of the upper and bottom pulling shafts. The pulling rate was very slow, only 0.5 mm/h, and without rotation. A large single crystal of the cylindrical shape with length ~50 mm and diameter 4 mm was obtained. High quality and orientation of the single crystal was verified by Laue method (Fig. 1) . The chemical composition of single crystal was verified by a scanning electron microscopy (SEM) using a Tescan Mira I LMH system equipped with an energy-dispersive X-ray detector (EDX) Bruker AXS. The analysis revealed a single phase single crystal of 1:1:3 composition. Detailed surface analysis did not detect any foreign phases. The resistivity, Hall resistivity, magnetization and specific heat measurements were carried out with a physical property measurement system (PPMS, Quantum Design Inc.) in magnetic fields applied along the c-axis up to 9 T. For determination of T N from the temperature dependence of specific heat the point of the balance of entropy released at the phase transition method was used. Specific heat was measured in basal plane (sample mass ~11 mg) with applied magnetic field along c-axis. Measurements with application of magnetic field along c-and a-axis were carried out for measurement of magnetization (sample mass ~11 mg). Resistivity measurements were performed with electrical current along c-and a-axis in two bar-shape samples (0.75×0.73×1.8 mm 3 for current along a-axis and 0.78×0.55×1.1 mm 3 along c-axis) with magnetic field along c-axis. Hall resistivity was measured with a plate-shaped sample (with diameters: 1.2 mm) for magnetic field up to ±14 T with assembly: current along a-axis, magnetic field along c-axis.
Results and Discussion
The observed anisotropy of the temperature dependence of the electrical resistivity, (T) (see Fig. 2 ) indicates an anisotropic Fermi surface of UIrSi 3 . The resistivities  [100] (T) and  [001] (T) for current i // [100] and [001], respectively, increase with increasing temperature above T N and gradually saturate (the curvature and tendency to saturation is more pronounced in the  [001] (T) dependence). This resembles behavior of transition metals and their compounds characterized by a narrow d-electron band crossing the Fermi level (E F ), which was explained by an s-d scattering mechanism as proposed by Mott 29 and Jones 30 . We tentatively suppose that the resistivity of U intermetallics characterized by a narrow 5felectron band crossing the E F could be considered within an analogous s-f scattering model. When we apply the magnetic field along the [001] direction the T N -related anomaly in the  [100] (T) and  [001] (T) dependences are shifted to lower temperatures with increasing field so that they follow the corresponding specific-heat anomaly (see Fig. 3 ). The resistivity anomaly simultaneously develops with increasing the field from just a negative /T change in zero field to a clear positive  step in 5 T. T N is associated with the maximum of /T. In 6 T we suddenly observe a negative  step at T N , which is exhibited also by the zerofield-cooled (ZFC) curves measured in 7 T. The key question of our present study is about the origin of the appearance of a SOMPT and a FOMPT in an anisotropic uniaxial antiferromagnet which has features of an Ising system. Closer inspection of M(T),  [001] (T) and  H (T) measured in different magnetic fields allows us to see what is going on with the system of magnetic moments when cooling or heating. When cooling down in a field of 8 T we record at 2 K the highest M and  H values, the lowest  ones and the magnetization is almost saturated. Also, the magnetization curve measured at 2 K is saturated above MT, which is below 8 T. The system at 2 K and 8 T in both cases is in a paramagnetic state with magnetic moments (highly) polarized by the magnetic field, i.e. PPM regime. The 7-T  [001] (T) and  H (T) data at 20 < T < 28 K are almost identical with the 8-T behavior, i.e, the moments become polarized similarly. The polarization is assisted by strong uniaxial anisotropy of UIrSi 3 . Our preliminary neutron diffraction experiment is zero magnetic field indicates that the U magnetic moments in the AFM state are oriented along the c-axis which is consistent with the strong uniaxial anisotropy.
For explanation of the above presented findings we propose the following scenario: vs. H plot in fields between 0 and 4 T, which is somewhat reflected also in the  [100] behavior. On the other hand, no indication is observed in field dependences of magnetization, Hall resistance and specific heat measured on an identical sample. At the moment we have no clue for an explanation of this c-axis field-induced effect which has been indicated only by measuring electrical resistivity, which in some specific cases could reveal phenomena as, e.g. a transition between two AFM states (being invisible for magnetization measurements similar to the CePtSn case [25] [26] [27] ). The sensitivity of electrical resistivity in U compounds including UIrSi 3 is enhanced due to the strong exchange coupling of the conduction electrons and the U 5f-electrons having states at the Fermi surface. Detailed microscopic studies, mainly using the neutron scattering are desired to shed some light on the unknown, probably AFM phase, related to the resistivity anomalies in c-axis fields up to 4 T. In Fig. 9 , the revised magnetic phase diagram of UIrSi 3 in the magnetic field applied along the c-axis is depicted, including results from Ref. 10 and from this paper. The additional unknown "AFM1" phase indicated in fields between 0 and 4 T by  [001] measurements is included.
FIG. 9. Revised magnetic phase diagram of UIrSi 3 in the magnetic field applied along the c-axis.
Conclusions
We have performed a detailed study of the electrical resistance and Hall resistance of the Ising non-centrosymmetric antiferromagnet UIrSi 3 as functions of temperature and magnetic field. The obtained results demonstrate that the electrical transport properties serve as a sensitive probe of magnetic phase transformations in antiferromagnets sometimes hardly detectable by other methods.
We have observed that the unequivocally different character of FOMPT and SOMPT is reflected in the dramatically different transport properties in the neighborhood of corresponding critical temperatures T N and magnetic fields H c . Considering the magnetic parts of electrical resistivity and Hall resistivity, we have suggested a scenario which may successfully explain the observed change of polarity of the (T),  H (T) and  H (H) steps between FOMPT and SOMPT and allow precise determination of the TCP in the magnetic phase diagram of Ising antiferromagnets exhibiting tricriticality. These findings stimulate further analogous experiments on Ising-like antiferromagnets dedicated to test the universality of the scenario. Magneto-optic experiments would be useful for deeper understanding of the underlying mechanism of AHE in UIrSi 3 .
Neutron-scattering studies are planned to reveal the microscopic aspects of magnetism in this intriguing material.
